Countries worldwide are experiencing changes in their electricity generating portfolio, from base load sources -coal or nuclear -to more sustainable but more volatile and intermittent sources -wind or photovoltaics. Industrial, high wattage consumers with machines that have frequent short-term peak power loads can cause grid failure when a demand peak coincides with an available power lull. These demand peaks are fulfilled by fossil-fuel-based peaking power plants. To avoid additional energy and cost expenditures of peaking power plants and reduce the lifecycle impact of production, peak demand needs to be mitigated. A procedure is proposed to reduce the peak loads of a grinding machine by controlling machine parameters. First, spindle energy and power data is measured while varying ramp up time to evaluate peak load and energy consumption trade-offs. Then, a model is developed with three different objectives: minimize energy, peak power, or cost.
Introduction
World industrial energy consumption is expected to grow by 3.4% annually until 2040, and Organization for Economic Co-operation and Development (OECD) countries is 0.7% annually [1] . In the United States, manufacturing consumes a third of the total energy produced [2] , and in Europe, a quarter of the total energy produced [3] . Historically, electricity has been produced using non-renewable energy sources, being either fossil fuels (i.e. coal, natural gas, petroleum) and nuclear [4] . A majority of power plants deliver base load power that provide a constant power supply. Diesel generators and gas plants provide peaking power that meets a need above the base load. But over a decade, from 2005 to 2015, the installed electricity generation capacities of power stations in Germany and the US have shifted strongly to wind and photovoltaics; see [5] , [6] . Renewable energy plants, including wind and solar, are replacing some of the energy supply, but because the two are inherently intermittent and volatile, they are not able to provide as a baseload source, and can result in fluctuations in the grid. Due to the continuous increase of the volatile energy sources -wind and solar -energy as a resource is changing from an input with steady availability to an input with likelihood to perturb production [7] . There are two technological solutions to avoid utilizing fossil-fuel-based power plants for phases when the electricity demand is high. The first is energy storage and includes batteries, fuel cells, capacitors, flywheels, compressed air, and pumped hydro [8] . The second is for the demand to adapt to the supply, termed energy flexibility.
Energy flexibility is defined as "the ability of a production system to adapt quickly and with very little financial outlay to the changes in the energy market" [7] . When manufacturing companies adapt their production to the availability of electricity from the grid, electricity disturbances can reduce the production output. Thus, manufacturing systems will become more complicated because all other target metrics like quality, time, and cost interact with energy. Popp et al. [9] demonstrated the feasibility by simulating a factory that adapted to power variations from wind and solar power, and demonstrated a six percent average reduction in grid demand. It is likely that a combination of both energy storage and energy flexibility will be required.
The energy profile for traditional machining processes all have peak demand at startup, which is the work to accelerate the spindle to cutting speed. Li et al. [10] investigated energy consumption in two grinding machines, two lathes, and two milling centers; the peak power in their study ranged from 170% to 570% of the fixed power for the machine. Figure 2 demonstrates the initial, peak, and fixed power for various traditional manufacturing machines. As identified by Gutowski et al. [11] grinding processes require more energy per kilogram processes (J/kg) than other machining processes; thus a grinding machine is investigated herein. In the context of sustainable manufacturing, defined as "the creation of goods or services using a system of processes that simultaneously addresses economic, environmental, and social aspects in an attempt to improve the positive or reduce the negative impacts of production by means of responsible and conscious actions" [12] . Broadly, this indicates that impact reduction of a manufacturing facility is a sustainable action. Thus, reducing the power demand of a machine tool will reduce the environmental and economic impact of that machine by reducing the upstream impact of the power plant. Cumulatively flattening peak demands allows power plants to operate more efficiently, which reduces the upstream impacts of operating the machine tool. A more efficient power plant will reduce emissions (if it is fossil-fuel-based) and costs of operating the plant.
Several CIRP authors have previously investigated energy and power efficiency in machine tools. Aspostolos et al. [13] identified energy-efficient planning could be accomplished by reducing idle time and periodic machine shutdowns. Humphrey et al. [14] demonstrated the importance of measurement frequency in energy monitoring using a drilling process as an example. Suwa and Samukawa [15] developed a method for optimizing energy efficiency for multiple machines by controlling machine processing modes (normal and fast) and operation scheduling. Tapoglou et al. [16] minimized the energy consumption of a milling machine in real time by controlling processing parameters. Bohner et al. [17] improved electric efficiency by performing peak load management for machine tools, resizing electric drives, and controlling operating mode. Hacksteiner et al. [18] performed real time energy monitoring of a CNC turning and milling centers to evaluate process efficiency. Shabi et al. [19] investigated energy consumption of the cooling system of a machine tool, finding the systems are not well adapted for machine tools as they typically account for over 40 percent of the energy consumption during idle. Thus, while various aspects of machine tool electric efficiency have been investigated, spindle startup still is an applicable area for investigation.
In the following, the startup behavior of a grinding machine is examined more closely and the resulting changes in the peak power load and the resulting energy costs are analyzed.
Experimental Setup
The equipment and experiments are described below. The equipment includes both the operating machine and measurement tools. The experiments include an initial and main study.
Test equipment description
For the experiments, a 1½ hp Baldor Grinder 248-183TD Class B is used, which is controlled by a Bosch Rexroth variable frequency drive (VFD) EFC 3610. The Grinder is rated to run at a maximum 3600 RPM, and was verified to run at a maximum of 3570 RPM using a Cen-Tech 66632 Photo Tachometer. A Yokogawa CW240 power quality analyzer was utilized to collect power and energy data, and was attached before the VFD drive; the 3P3W2I setting was utilized as the VFD drive only uses two of the three phases for input power. Key experimental data includes current and voltage for both leads entering the VFD, and in addition the real (P), reactive (Q), and apparent (S) power entering the VFD. The VFD drive is capable of varying the time to deliver zero to full power from 0.1-6000 seconds. Through tests, a minimum startup time of two seconds for this setup was identified.
Experiment: Variation of the acceleration time and measuring the peak power load
Two electric motor acceleration experiments were conducted. The first experiment was ran to determine a relative energy minimization curve for the electric motor, to find an area for further study. The initial study was not randomized, and three repetitions were run for each startup time ran. Energy and power data was collected for the following acceleration times: 2, 5, 10, 20, 40, and 60 seconds.
The second experiment included the following times: 2, 3, 4, 5, 6, 7, 8, 9, and 10 seconds. Five repetitions were ran for each time point, resulting in 45 data points. The prior, nonrandomized experiment showed a trend that less energy was required for subsequent startups at the same time to start; thus the startup times were randomly sequenced. This experiment was randomized by listing each time point in sequence, assigning random numbers, and performing tests from low to high. All experiments are performed consecutively; only interrupted by short periods after five measurements in order to transfer measured data from the measuring device to an external storage device.
Results and Discussion
Both test series show that a significant reduction in the peak power and overall energy consumption can be achieved by controlling the acceleration time.
Energy Calculation
Energy was calculated from the power profile data collected for each spindle acceleration test. Power is defined in Equation 1 [20] . ( 1 ) In Equation 1 is the power in watts (W), the energy in watt-seconds (Ws) and the time in seconds (s). Energy is calculated with Equation 2, where start-up time is the upper limit of the integral. ( 2 ) Thus, the energy is described by the area under the power curve. Figure 3 In the calculation of the energy consumption, the energy is counted until the Baldor Grinder has reached its operating speed of 3600 RPM. Figure 3 indicates how the energy consumption is calculated:
1. The distance (a) along the x-direction is set to be from the global maximum (GM2) to the inflection point (IP2). 2. The upper calculation point (UP2) in the x-direction is set as IP2 plus 1.5 a. 3. To smooth the variation a moving average of the power values is taken. 4. Energy is then calculated using Equation 2 by integrating from zero to UP2.
The described calculation procedure works for this specific machine based on the measured power profile and operating experience. When using the method for another machine, the adjustment of the a-value by 1.5 will have to be adapted. A moving average is applied to the power measurement curve prior to the energy integration because of large fluctuations in the power data. The moving average is applied to the specific point and includes five values before and after for a total of 11 points. Note that the method described results in marginal differences between the real startup time and the pre-set startup time.
Power Measurements and Energy Results
In the first experiment with startup times of 2, 5, 10, 20, 40, and 60 seconds it became apparent that the peak power loads increase when the startup time decreases. Whereas, energy consumption decreases from two to five seconds startup time then monotonically increased. So a minimum occurs between two and ten seconds; startup times up to about ten seconds are still be practical in everyday working operations. Therefore, a much more detailed follow up experiment was carried out. Figure 4 shows the power profiles used to calculate the energy for each acceleration time. As seen, peak power decreases as acceleration time increases. Using the curve sections shown, the required acceleration energy is determined by the calculation of the area under the curve (see Equation 2 ) and is shown together with the peak power load for the different startup times in Figure 5 . The values displayed are averages and medians for the peak power load and energy consumption using the five measurements for each acceleration time. As acceleration time increases, the peak power loads decrease from near 2230 W (2 s) down to about 700 W (10 s). This reduces peak power load by about 69 percent. At two seconds, energy consumption is about 3325 Ws (average) or 3313 Ws (median) and decreases towards a minimum of 2925 Ws (average) or 2895 Ws (median) at an acceleration time of four seconds. This is a reduction of about 12 percent. Moreover, the peak power load decreases from a two-second compared to a four-second startup time by 45 percent. From four seconds, as the startup time increases, the energy consumption increases monotonically. Hence, a good solution with minimum energy and greatly reduced power with minor time inconvenience is a four-second acceleration.
Cost Analysis
Industrial energy is priced using three metrics, energy charges ($/kWh), demand charges ($/kW), and power factor (PF) adjustment ($/kWh/%) [21] . Energy charges are for the total use over the use period. Demand charges are the maximum power demand for a single month, where demand is measured as an average over a 15 minute interval [22] . Power factor adjustment accounts for the phase angle shift between the current and voltage; see Equation 3 from [14] , where is the phase angle, subscripts i and v refer to current and voltage, P is real power, and S is apparent power.
The local power company records real power (P) and reactive power (R), and uses Equation 4 to determine power factor (PF) [22] . Note, the Californian electricity provider PG&E takes the PF as the monthly average and calculates as a penalty or credit of 0.06% for each percent below or above 85% [22] . (4) Thus, a cost model is seen in Equation 5 , and is used to calculate the contour lines see in Figures 6 and 7 . (5) Where R is a cost rate, and subscripts E, PD, and PF denote energy, demand, and power factor charges. Additionally, E, PD, and PF are the energy, power demand, and power factor; and their subscripts M and 15 denote either a monthly or 15 minute average, finally subscript denotes the power factor adjustment. Note, that peak day pricing (PDP) is omitted from the model, and is an additional demand charge when temperatures are above 98 o F (36.7 o C) [23] . Additional note, rates vary by time-of-use, max peak (12-18), partial peak (8:30-12 and 18-21:30), and off peak (21:30-8:30) [21] ; time-of-use rates are not incorporated in the model due to short time scale. Equation 5 is to be minimized and is subject to Equations 6 and 7. These calculations are used in Equations 5 for the power demand ( ) and power factor ( ) where is the number of samples that are averaged and is the instantaneous power for each element .
is determined using the sampling frequency of the power quality analyzer (60 Hz). In Equation 6 the maximum value of the 15 minute moving average for the power demand is calculated and Equation 7 describes the power factor adjustment. The following values will be used assuming peak charges, from [21] :
RE, Max = 0.14244 ($/kWh) RPD, Max = 18.05 ($/kW) RE, Off = 0.08029 ($/kWh) RPD, Off = 0.00 ($/kW) RPF = 0.00005 ($/kWh/%) Equations 8 and 9 calculate energy ( ) and peak power demand ( ) for a special use case, which includes many acceleration cycles, and were derived from the experiments monitoring energy consumption of the electric motor. Where energy is measured in watt-seconds, and power demand in watts. And is the number of seconds required to accelerate the motor. The coefficient of determination (R 2 ) is at least 0.99 for both fitted equations. and is used to determine cost given the average power or total energy over a 15 minute period for using the grinder, which can be calculated from Equations 8 or 9 using the time to accelerate the motor. Figure 5) ; but because average power is used in electricity pricing no conflict occurs between power and energy costs. Thus, cost is minimized by increasing the acceleration time. But, operationally there needs to be a limit on start-up time, work cannot be performed while waiting for a machine to turn on, as labor, overhead, and lost sales increases the costs of waiting. An individual start-up is minimized in Figure 5 at four seconds; the situation described here where several startups occur back-to-back is minimized at max startup time.
Additionally, the cost assessment for the study is limited because power pricing is on 15 minute averages and a single spindle startup that occurs in less than ten seconds is insignificant. A larger spindle with a larger grinding wheel would cause a larger power peak than the one used in the study. Future studies may not need to perform repeated operations like the one done here. Also noteworthy, as other authors identify that energy is wasted during idle time and push for machines tools to be turned off, this will increase the number of spindle starts in factories.
Summary and Outlook
Making manufacturing more sustainable is an important aspect of current research and industry trends. Various methods for improving sustainability include focusing on environmental, economic, and social aspects. This study focused on environmental and economic aspects by accounting for the electricity consumption of a spindle start of a pedestal grinder and the costs associated with the electricity.
The influence of the weather on electricity generation is growing in many national power grids. The weather and thus the resulting power generation are more volatile than power demand. As the electric profile becomes more volatile the pricing structure is likely to change, with benefits given to firms that can adapt to electric grid fluctuations. As energy flexibility is incorporated into production, the tradeoffs between sustainability, costs, and the production schedule need to be analyzed. In each process step, the energy-, powerand cost savings, which has no direct negative influence on the product quality like the acceleration time of a grinding machine should be raised first.
In the considered startup of the grinding machine, the peak load decreases as the acceleration time increases. An absolute energy minimum is reached at a four-second-acceleration. The results show instantaneous power, and energy minimized in unison; but electricity pricing forces the costs for both energy and power to minimize monotonically as acceleration time increases. But the costing method used here is limited as it only incorporates electricity, and additional costs including labor, overhead, and lost sales would improve the model. Additionally, the electricity cost model has limited application because the time scale of spindle acceleration in seconds is much shorter than the 15 minute electricity pricing structure.
The presented results refer only to the startup and idle phase. In the next step, the experiments will be extended to the phase of component processing to be able to analyze interactions between the power load profile of the grinding machine and the product quality of the component. Since the product quality itself is part of the research, these analyses can even have more impact on the economic success of a company and thus are more critical. Moreover, future work includes developing first-principles-based models of the machine for power and energy calculation, expanding the cost model to include operator, overhead, and cost of lost productivity, and finally expanding the analysis to include multiple machines or a facility. While energy is not the only metric for sustainability, it is easy to implement for industry practitioners as it typically results in costs savings; but other sustainability aspects like use of operating resources and operator safety should also be addressed in follow-up projects.
